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1 
INTRODUCTION 
Much of the early work on organosillcon compounde was 
predicated on the expectation that the chemical behavior of 
carbon and silicon should be quite similar. Although this 
expectation was verified in a gross sense, it has become ap­
parent that the rates of many reactions occurring at silicon 
atoms are very different from those of their carbon analogues, 
and that certain reactions unknown in carbon systems occur 
at silicon atoms. It has also been foimd that attachment of 
a silicon atom to a carbon skeleton will modify, to a limited 
extent, the behavior of the rest of the molecule. 
The chemistry of organic free radicals has received 
intensive study, but reports of organosillcon free radicals 
are relatively rare. The purpose of this work was to study 
organoeilicon free radicals in their role as reactive inter­
mediates, and to gain information as to the similarities, 
and, particularly, the differences of the reactivities of 
silicon and carbon free radicals. 
2 
HISTORICAL 
Hexaaryldisllanee as Analogues of Hexaarylethanes 
Q-omberg's preparation and characterization of trlphenyl-
methyl^ provided the impetus for several attempts to prepare 
an analogous triarylsilyl radical by similar means: 
2Az*^SiCl -+• 2Na ) AP^SiSiAr^ + 2NaCl. 
The first of these attempts was made by Schlenk and co-
2 
workers who prepared hexaphenyldisilane from triphenyl-
chlorosilane and sodium. These workers found no evidence of 
free radical activity in their product, in contrast with the 
highly unsaturated behavior of G-omberg's triphenylmethyl 
eolutions. This work was repeated by G-ilman and Dunn"^ who 
confirmed the earlier work. In the same paper, Q-ilman and 
Dunn reported the successful synthesis of hexa-D;-biphenyl-
disllane by the reaction of hexachlorodisilane and 
Gomberg, Ber.. 3150 (I900); J. Am. Chem. Soc.. 
22, 757 (1900). 
^W. Schlenk, J. Rennlng and G. Rackey, Ber.. 44. II78 
(1911). 
3H. Gilman 
(1951). 
3 
£-biphenyllithiuin in ether; this compound, too, proved to 
be unreactive towards oxygen and iodine. Attempted orep-
arations of the corresponding hexaaryldisilane by coupling 
if c 
tri-o,-tolylchlorosilane or tri-l-naphthylchloroeilane^ in 
the presence of sodium gave no evidence of either formation 
of the substituted disilane or of free radicsl formation. 
Present work® in these laboratories indicates that tri-£-
biphenylylchlorosilane is similarly unreactive toward sodium. 
Magnetic susceptibility measurements of a benzene solution 
of 1,1,2-triphenyl-l,2,2-tri-jD-tolyldlBilane'' showed no evi­
dence of paramagnetic susceptibility, and hence, no evidence 
of dissociation into free radicals. Triphenylmethyltriphenyl-
D 
silane", prepared by the reaction of triphenylmethylsodium or 
triphenylfflethyllithium with triphenylchlorosilane, shows no 
chemical evidence of a tendency to dissociate into free 
radicals. 
H. Gilman and G-. N. R. Smart, J. Org. Chem.. 15. 720 
(1950). 
^C. G. Brannen, Doctoral Dissertation, Iowa State Col­
lege, 1951. 
®K. Oita, Unpublished Studies, Iowa State College, 195^. 
''h. Gilman and T. C. Wu. J. Am. Chem. Soc.. 75. 3762 
(1953). 
G. Brook, H. Gilman and L. S. Miller, Am. Chem. 
Soc.. 4759 (1953). 
4 
Thue, although in the hexaarylethane series, Increasing 
the eteric requirement of the aryl groups and increasing the 
possibilities for resonance stabilization of the radicals 
9 Increases the dissociation of these compounds'^, no combina­
tion of aryl groups likely to produce these effects in the 
silicon series has yet proved sufficient to cause noticeable 
free radical dissociation of hexaaryldisilanee under any 
conditions tested. It should be pointed out, however, that 
a search of the literature has brought to light no study of 
such a process at high temperatures, except for a study of 
10 the thermal dissociation of dlsilane itself . These 
authors' data were consistent with the hypothesis of Si-Si 
bond fission to form H^Si*, and their subsequent formation 
of SiH^j, by a radical abstraction of hydrogen from dlsilane, 
thus initiating a chain. The decomposition was studied at 
temperatures of 31^-360®, and an activation energy of 51.3 
k. cal./mole was found for the decomposition process postu­
lated. St£keland^^ found an activation energy of 48.9 k. 
cal./mole in a similar study. 
^W. A. Waters, "The Chemistry of Free Radicals," 2nd 
Ed., Clarendon Press, Oxford, 19^8, Chapter III. 
J. Emeleus and C. Beld, Chem. Soc.. 1021 
(1939). 
Stakeland, Trans. Faraday Soc.. 44 , 545 (1948). 
5 
In conclusion, it seeme evident that aryl substituted 
disilanes ehow no evidence of a tendency to diesociate re-
vereibly into free radicals under mild conditions, as do 
their carbon analogues. Such failure to dissociate may be 
due to lack of reorganization energy of the radical fragments, 
which may in turn be due to (a) lack of resonance energy of 
the species Ar^Si*, or (b) lack of eteric strain in the sub­
stituted disilane. Both effects are demonstrably important 
in determining the degree of dissociation of hexaarylethanes^*^. 
Addition of Si-H Compounds to Olefins 
Following the procedures of Kharasch and co-workers^^ 
for the peroxide or ultraviolet light initiated addition of 
l4 
various compounds to olefins, Sommer, Pietrusza and Whitmore 
succeeded in adding trichlorosilane to 1-octene. 
AC2O2 
Cl3SiH + CH2=CH-(CH2)5-CH3 > Cl^Si-CCH2)7-CH3 
Gilmen, "Organic Chemistry, an Advanced Treatise," 
2nd Ed., John Wiley and Sons, New York, 1933. Chapter VI. 
S. Kharasch, E. J. Jensen and W. H. Urry, Science. 
102. 128 (1945). 
H. Sommer, E. W. Pietrusza and F. C. Whitmore, J. 
Am. Chem. Soc.. 69. 188 (194?); £. W. Pietrusza, L. H. Sommer 
and F. C. whitmore, J. Am. Chem. Soc.. 70. 484 (1948). 
6 
The reaction wae carried out at ^ 5°» with a six-fold molar 
ratio of trichloroeilane to 1-ootene. Acetyl peroxide wae 
present in catalytic amount, 0.025 mole per mole of trichloro­
eilane; the yield of 1-trichlorosilyloctane was 99 per cent, 
based on trichloroeilane. The same addition was eucceeefully 
carried out by these authors by using ultraviolet light (a 
"weak" source) to initiate the reaction; the yield In this 
case was 24 per cent, based on trichloroeilane. These ob­
servations, together with the similarity of this addition 
reaction to the chloroform addition to olefins noted by 
Kharasch and co-workers^^, led to a formulation of the re­
action as a chain process^^. 
heat 
^AC202 ) AcO* y 
CH^. + HSiCl^ > + Cl^Si. 
Cl^Sl. 4- CH2=CH (CH2)5-CH3 > Cl3Si-CH2-CH-(CH2)5-CH3 
Cl^SiCH2-CH-(CH2)^-CH^-l- HSiCl^ > Cl^Si-( CH2)y-CH^+Cl3Si. 
From 19^7 to the present, several articles have appeared 
which have extended the application of this reaction to other 
olefins and other Sl-H compounds. The resulte of these in­
vestigations are Bummarlzed in Table 1, as well as the resulte 
Table 1 
Free Radical Addition of Substituted Sllanee to Olefins 
Silane Olefin Product® Temp. Catalyst % Yield Ref 
HSIGI3 1-octene GH3(CH2)7SlCl3 50-63 ACgOg 99 14 
HSICI3 1-octene CH3{CH2)7SlCl3 47-54 U. V. 24 14 
HSiCl^ 2-octene 50-62 AC2O2 99 14 
HSICI3 2-methyl-l-
heptene 
CH3(CH2)5CH(CH3)-. 
CH2SiCl3 
49-58 AC2O2 70 14 
HSiCl3 2-methyl-l-
propene 
CH3CH(CH3)CH2SiCl3 25-30 U. V. 5 14 
HSICI3 2,3-dlinethyl-
2-butene 
CH3CH(CHo)C(CHO}-
Sidi3 ^ 
45-53 AC2O2 59 14 
HSICI3 2,4,4-trimethyl-
1-pentene 
CgHj_7SiCl3 49-50 9 14 
HSICI3 2,4,4-triniethyl-
2-pentene 
00% 781013 49-52 AC2O2 9 14 
HSiCl3 1,1-dineopentyl-
ethylene 
C12H25S1C13 50-60 AC2O2 1.6 14 
®V/herever the structure of the product has not been established, the molecular 
formula Ib given. 
Table 1 (Continued) 
Silane Olefin Product Temp. Catalyst ^ Yield Ref. 
HSiCl3 allyl chloride C3H6SiCl2^ 43-47 
^^Z^Z 20.4 14 
HSiGl3 allyl chloride C3H6SlCli^ 41-43 U. V. 8.4 14 
HSiCl3 2-methyl-
2-butene 
C5HiiSiCl3 41-45 AC2O2 24 14 
HSICI3 2-inethyl-
2-butene 
C5HiiSiCl3 hz-sz U. V. 64 14 
HSiCl^ 1-pentene CH^(CH2)j^S1C1^ 70-100 BZ202 44 15 
HSICI3 cyclohexene C5HiiSiCl3 70-100 BzgOg 30 15 
HSiCl3 ieobutylene CH3GH(GH3)CH2SiCl3 70-100 10 15 
HSiCl3 vinyltri-
chloroe ilane 
Cl3SiCH2CH2SlCl3 70-100 BZ2O2 19 15 
HSICI3 allyltri-
chloroeilane 
Cl3SiCH2CH2CH2SiCl3 70-100 ^^Z^z 33 15 
HSiCl3 acetylene Gl3SiGH2CH2SiCl3 70-100 B2202 3 15 
A. Burkhard and R. H. Krleble, Am, Ghem. See.. 69. 268? il9^7)• 
Table 1 (Continued) 
Silane Olefin Product Temp. Catalyst % Yield Ref. 
HSiCl^ methyl oleate 
HSiCl^ norpinene 
HElClo methyl w -un-
decylate 
HSiCl^ norpinene 
HSiCl^j lifflonene 
HSiCl^ limonene 
G^^H^^OjgSiCl^ 
CioHi7SiC13 
(/-trichlorosilyl-
;£-menthene- /a 3^) 
Gi2H2302SiCl3 
CioHigSiaClg 
(^isC trichloroeilyl)-
2,7-JEi-menthane) 
CioHi7SiCl3 
u.v. 22 16 
•^^2^2 — 
AC2O2 75 18 
u.y. — 19 
u.v. — 20 
u.T. — 20 
^®R. Galas and N. Duffsnt, Bull. Soc. chim. France. 792 (1953)» 
'^'R. Calae and E. Frainnet, Bull. Soc. chim. France. 241 (1952). 
^®N. Duffant and R. Calag, Bull. Soc. chim. France. 2^1 (1952). 
Frainnet, Bull. Soc. chim. France. 792 (1953). 
^®R. Calae, E. Frainnet and J. Valade, Bull. Soc. chim. France. 792 (1953). 
Table 1 (Continued) 
Sllane Olefin Product Temp. Catalyst % Yield Ref. 
HSICI. 
HSiCl-
HSiCl. 
HSiCl-
HSIGI. 
GH3SIHCI2 
acetylene 
ot -pinene 
Cl3SlCH2CH2SiCl3 
not identified 
vinyltrichloro- Gl3SiCH2CH2SiCl3 
Bilane 
allyltricJ-iloro- Cl3Si{ CH2)3SiCl3 
811ane 
1-pentyne 
1-pentene 
CH3SIHCI2 2-xientene 
1-pentenyl-l-
trichloroeilane 
1-pentylmethyldi-
chloroBllane 
2-pentylmethyldi-
chlorosllane 
80 
60-96 
100 
100 
80 
70-100 
70-100 
322^2 
822^ 2 
AC2O2 
Ac 2^2 
BZ2O2 
BZ2O2 
®^2®2 
31 
10 
21 
21,22 
23 
24 
24 
25 
15 
15 
21R. H. Krieble, U. S. Patent 2,510,642 A^, 44, 9473 (1950) . 
^^Brltlsh Thompe on-Houston Company, British Patent 663.740 11228 
(1952) . 
23l. 0. Goldblatt and D. M. Oldroyd, U. £. Patent 2,533,240 4^, 2262 
(1952) . 
^^Brltish Thomrieon-Houston Company, British Patent 661,094 C_^ 46. 5365 
(1952) . 
25c. A. Burkhard, J. Am. Chem. Poc.. 72. l402 (1950). 
fable 1 (Continued) 
Silane Olefin Product Temp. Catalyst ^ Yield Ref. 
CH3EiHCl2 vinyltrichloro-
eilane 
"product •* 100 AC2O2 — 23 
n-^rSlHClg 1-octene "Impure product" 50 AC2O2 6 14 
Et2SlH2 1-octene fflonosubst. product, 
not purified 
50 AC2O2 "fair" 14 
EtaSlHCl methyl 9-
undecylate 
Et2SiCl(CH2)ioC02CH2 U. V. — 16 
Ph3SlH 9-undecylenlc 
acid 
Ph3Si(CH2)ioC02H 75 BZ2O2 96 26 
Ph3SlH ethyl 9~un-
decylenate 
Ph3Si(CH2)ioC02C2H5 — BZ2O2 — 26 
Ph3SiH 1-octene Ph3Sl(CH2)7-CH3 75 BZ2O2 38 27 
Ph3SlH 1-dodecene Ph3Si(CH2)llCH3 70 BZ2O2 65 28 
Ph3SlH l-tetradecene Ph3Sl(CH2)3_3CH^ 70 BZ2O2 90 28 
Ph3SlH l-hexadecene Ph3Sl(CH2)i5CH3 70 45 28 
Ph3SiH 1-octadecene Ph3Si(CK2)i.pCH^ 70 BZ2O2 70 28 
N. Gadeby, Research (London). 338 (1950). 
27r. Fuchs, Unpublished studies, Iowa State College, 195^ . 
2®H. Merten, Unpublished studies, Iowa State College, 195^ . 
11 
of some unpublished etudlee carried out by others in these 
laboratories. The procedures and conditions for all these 
addition reactione are essentially similar to those given in 
the above example, with the exception of the variation in 
the method of initiation. No addition resulted from either 
the ultraviolet or peroxide initiated reaction of olefins 
with triethoxysilane^^, silicon tetrachloride^^, or di-n-
propylchlorosilane^^. In general, branching close to the 
1U 
olefinic linkage reduces the yield of adduct . 
Workers at Dow-Corning Corporation^^ have succeeded in 
adding a number of Si-H compounds to a variety of olefins by 
using pressure reactors and temperatures up to ^00® in the 
absence of any catalyst. Although these additions proceed 
to give the same type of compounds obtained from the radical 
addition reactions, they were not listed in Table 1 along 
with the more clearly demonstrated radical additions. This 
latter method does, however, afford high conversions to use­
ful intermediates, and may prove an important source for 
organosilicon synthetic materials. 
Similar addition reactions have succeeded with triphenyl-
germane and 1-octene, by benzoyl peroxide catalysis as well 
as by ultraviolet irradiation^''. Triphenyltin hydride did 
J. Barry, L. DePree, J. Q-ilkey and D. E. Hook, 
J. Am. Chem. Soc.. 69. 2916 (19^7)• 
12 
not undergo the addition, but dlsproportlonated to tetraphenyl-
tln under the conditlone of the experlment^^. 
In Bummary, It seeme clear that compounds containing an 
Sl-H bond can take part in a free radical chain reaction of 
the type elucidated by Kharaech and co-workere^^. This proc­
ess can be best explained by the hypotheeie of an intermediate, 
reactive chain carrying silyl radical. 
Chain Transfer ae a Measure of Radical Reactivity 
The following scheme has been generally accepted ae 
representing the course of a free radical polymerization of 
vinyl monomers, initiated thermally^ • 
ki (1) m ^ 2R- initiation 
(2) M R* > R* propagation 
(3) 2R* —>  RR or X termination 
The symbols have these meanings: M, a monomer molecule; R«, 
a free radical, the growing polymer chain; X, termination 
products other than the coupling product (e.g., an alkane 
and an alkene, formed by disprooortionatlon between the two 
30 
For a general review of this field, see P. J. Flory, 
"Principles of Polymer Chemistry," Cornell UniverBity Frees, 
Ithaca, K. Y., 1953; for a review of styrene polymerization, 
see R. H. Boundy and R. F. Boyer, "Styrene, its Polymers, 
Copolymers and Derivatives," Reinhold, New York, 1952. 
13 
R''e); kp, k^, the rate constants for the initiation, 
propagation, and termination proceeeee reerectively. From 
these expressions, equations can be derived which fit the 
experimental rate data for vinyl polymerization. Necessary 
arsumptions are^®: 
(a) "At all stages of the polymerization, the re­
activity of every like functional group is the 
same. 
(b) The R* radicals are short-lived and of such 
small concentration that a steady-state treat­
ment of the kinetics of the polymerization 
process is Justified. 
These equations and assumptions lead to a rate law of the 
form, 
^ = k. M . 
which agrees with experimentally determined rates. 
Dilution of a vinyl monomer in a polymerization process 
generally causes a lovrerlng of the molecular weight of the 
polymer^^. Flory^^ proposed a "chain transfer" as an 
Stautinger and L. Schwalbach, Ann.. 488. 8 (1931). 
J. Piory, J. Am. Chem. Soc.. 59. 2^1 (1937). 
14 
explanation of thle effect. In such a process, the growing 
polymer chain would transfer Its re;ctlve center to another 
molecule, thus terminating its own growth, but starting a 
new chain which would grow at the same rate until It was 
either terminated or transferred. One such process he pro­
posed was a hydrogen abstraction reaction from the solvent, 
or transfer agent; 
(4) R. + SH RH + S* , 
where SH represents the solvent. If the species S- were 
to continue to initiate polymer chains with high efficiency, 
the rate of polymerization would not be affected, but the 
molecular weight of the polymer would be decreased. 
Mayo^^ derived a quantitative expression for this effect, 
essentially as follows: 
(a) The degree of polymerization, P, can be ex­
pressed as the rate of chain growth divided 
by the total rate of termination of the growth 
of the polymer chain. In terms of the processes 
defined on page 12 and the chain transfer proc­
ess, page 14, this expression is: 
33F. R. Mayo, J. Am. Chem. Soc.. £5, 2324 (1943). 
15 
- kpCR'l W 
" ktr[R-3 CSH] + kt lR-1 ^  + k^ VRO CM] ' 
where k^j, represents the rete constant for chain 
transfer with monomer. 
(b) The term [R-l can be evaluated by means of the 
steady-state aseumption as (k^/k^ provided 
the [8-] does not build up a high concentration 
and induce an abnormally high amount of radical-
radical termination, or other compllfcating factors. 
The former condition is easily diagnosed experi~ 
mentally, since the total rate of polymerization 
will be reduced, and SH will function as an in­
hibitor rather than as a chain transfer agent. 
(c) If the expreseions in (a) and (b) are combined, 
the expresalon 
P ip t«5 kp 
results. 
(d) Substituting C = ^tr/^» noting that for 
[shJ = 0, 1/P r 1/PQ * where PQ IS the degree of 
polymerization the undiluted monomer, we have 
16 
4 , c 
Similar expressione have been similarly derived for 
photoinitiated and peroxide initiated polymerization. 
The symbol "C was defined by Mayo as the characteristic 
"transfer constant" of the solvent. The transfer constant 
was evaluated by plotting the ratio CSHl/pt] against the 
reciprocal degree of polymerization of polystyrene, for con­
versions of ten per cent or less. Linear plote did indeed 
result, confirming the validity of the treatment^^"^®. 
Average molecular weights of the polystyrenes formed at 
varying CSHVCMl ratios were determined by measuring their 
intrinsic viscosities in benzene; these intrinsic viscosities 
were related to the molecular weights determined by end-group 
A. G-regg and F. R. Mayo, J. Am. Chem. Soo.. 70. 
2373 (19^8). 
A. Q-regg and F. R. Mayo, Disc. Faraday Soc.. 
328 (19^7). 
^®F. R. Mayo, J. Am. Chem. Soc.. 70. 3689 (19^8). 
^^R. A. G-regg, D. M. Alderman and F. R. Mayo, ibid.. 
20, 37^0 (19^8). 
3®F. R. Mayo, R. A. G-regg, and M. S. Matheson, ibid.. 
22, 1691 (1951). 
3^R. A. Gregg and F. R. Mayo, ibid.. 2I» 3530 (1953)-
^°F. R. Mayo, ibid.. 2&. 6133 (195^). 
17 
analysis and osmotic pressure measurements by equations of 
the form: 
I KM® , 
where symbolizes the intrinsic viscosity of the polymer 
in a suitable solvent; M, the average (number average) molec­
ular weight; K and a, experimentally determined constants. 
In Table 2, taken from the data of Mayo and co-T^^orkers^-^, 
there are listed values of transfer constants of some sol­
vents at 60® and 100°^^. 
The value of the chain transfer constant has been shown 
to be dependent on the resonance stabilization of the S» 
radical formed^^'^^ and on the polar nature of the reac-
tants^^'^^. Rationalization of the first effect follows 
naturally from a consideration of a transition state for the 
chain transfer reaction in which the S« radical is partly 
formed: 
R H S . 
R. Mayo and C. Walling, Chem. Revs.. 46, 191 
(1950). 
Walling, J. Am. Chem. Soc.. 22, 2561 (19^8). 
18 
Table 2 
Chain Transfer Constants of Various Solvents 
in Styrene Polymerization 
Solvent Transfer constant 
60O 
X 10^ 
100° 
Benzene 0.15 1.84 
;t-Butylbenzene 0.6 5.5 
Toluene 1.25 6.45 
Ethylbenzene 6.7 16.2 
i.-Propylbenzene 8.2 20.0 
Diphenylmethane 23 42 
Triphenylmethane 35 80 
Fluoren© 750 1240 
Pentaphenylethane 200,000 
Cyclohexane 0.24 1.6 
n-Heptane 4.4 9.5 
Decalin 4 — 
Carbon tetrachloride 900 1810 
19 
The odd electron is considered to be distributed between the 
"R" and "S" fragments, and any delocalization of the electron 
at the site of the "S" fragment would result in lowering the 
energy of the transition state, and hence, a larger chain 
transfer constant should be observed. Similarly, charge 
transfer in the transition state would have the same result^^. 
From Table 2, it can be seen that the magnitude of the chain 
transfer constant grows with increasing resonance stabiliza­
tion of the S* species, for those solvents in which a carbon-
hydrosen bond would be expected to be the point of attack. 
Carbon tetrachloride serves as an example of a molecule which 
should be an electron donor with respect to a styryl radical, 
and which does have a large chain transfer constant. 
In summary, chain transfer constants are a convenient 
source of information about the reactivity of comDOunds to­
ward free radicals, both polar effects and stabilization 
energy of the free radical formed by chain transfer seem to 
be important in determining the magnitude of the chain trans­
fer constant. 
20 
Other Reported Sllyl Radicals 
A recent article^^ reports the reaction of tri-(diethyl-
amino )-broaioBil ane with sodium at 150° to form trl-(diethyl-
amino )-sllane; k2 per cent of the bromo compound was converted 
to the sllane, and 58 per cent of the unreacted bromo compound 
wae recovered. The authors proposed a mechanism involving 
the formation of a tri-(diethylamlno)-Bllyl radical, and its 
subsequent reaction with a "R-H" compound to produce the 
trl-{dlethylamino)-Bilane. 
(NC4Hio)3SiBr + Na » {NG4Hxo)3Si- NaBr 
+ RH > •¥ R* 
The "RH" species is presumably the bromosilane Itself, 
since the authors report no solvent for the reaction. They 
mention the formation of "high molecular products" attendant 
upon the formation of the eilane, but no details of the iso­
lation or characterization of such a product are given. 
Brederveld, T. J. V/. van Thoor and H. I. Waterman, 
Research (London). S29 (195^). 
21& 
Kraue and Eatough^ have reported the leolatlon of a 
stable, white crystalline compound from the reaction of trl-
phenylbromoellane and lithium In ethylamlne. This compound 
was reported by these authore to undergo dimerlzatlon to hexa-
phenyldlsllane on heating, and to add one equivalent of 
lithium in ethylamlne to give a red solution characterlBtlc 
of trlphenylsllylllthlum. On the basis of these observations, 
and silicon and nitrogen analysis, Kraus and Eatough assigned 
the compound the structure of trlphenylsllyl ethylamlne, or 
{CgH^)2Sl*NH2GH2CH3. This structure represents a "solvated" 
free radical. 
I l c  
Benkeser and co-workers attempted to repeat these 
experiments. They were able to isolate a compound similar 
to the one described by Kraus and Eatough, as a product of 
the same reaction, but were unable to re -ieat the dlmerlzetlon 
under heating. The compound Isolated by Benkeser and co­
workers proved to be trlphenyl-N-ethylamlnosllane, which they 
believed to be Identical with the compound prepared by the 
earlier workers. Wu ©f these laboratories also attempted 
the repetition of Kraus and Eatough's observations. He was 
A. Kraus and H. Eatough, Am. Chem. Soc.. 
5699 (1952). 
A. Benkeser, R. E. Robineon and H. Landesman, J. 
Am. Chem. Soc.. 21. 5699 (1952). 
^6T. C, WU, Doctoral Dissertation, lox'^a State College, 
1952. 
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able to prepare the compound described by these workers and 
by Benkeeer and co-workere, but he found no evidence of free 
radical activity of the compound so prepared, Thue, eerious 
doubt may be intertained as to the authenticity of the ob­
servations reported by Kraus and Eatough of the "eolvated" 
trlphenyleilyl free radical. 
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EXPERIMENTAL 
Preparation and Purification of Materials 
Preparation of triphenylsilane^^. Thirty-eight and 
8even-tenths grams (1.02 moles) of crushed lithium aluminuai 
hydrade was added to a dry, nitrogen filled 5 three-necked 
round-bottomed flask equipped with a blade stirrer, a reflux 
condenser, and an addition funnel. Three hundred ml. of di­
ethyl ether which had been dried over calcium hydride was 
added, and the mixture stirred vigorously for 1-2 hours. To 
the resulting slurry was added 600 g. (2.03 moles) of Dow-
Corning (purified grade Lot P-321) triphenylchlorosilane dis­
solved in 3 1. of dried diethyl ether, at such a rate as to 
promote gentle refluxlng of the ether. After the addition was 
completed, the mixture wae stirred and refluxed for 14 hours. 
At the end of this period, 110 ml. of ethyl acetate wae added 
to destroy the excess lithium aluminum hydride. The ether 
layer wae removed by filtration, and dried over anhydrous 
calcium sulfate. The ether, alcohol and ethyl acetate were 
removed by distillation, and the residue vacuum distilled at 
1-2 mm. to yield a fraction boiling at 171-186°; this fraction 
Oilman and G. E. Dunn, J. Am. Chem. Soc.. 72. 2178 
(1950). 
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(410 g.) solidified on standing to yield a white solid melting 
at 43-^7®. The crude yield (77.6 per cent of the theoretical, 
based on triphenylchloroeilane) was cryetallized from methanol; 
the resulting material was vacuum dried at room temperature 
for 24 hours to yield 365 g. (69 per cent) of material melting 
at 43.8-45.0 . An infrared absorption epectrum of the product 
showed identity with previoue spectra of authentic trlphenyl-
Bilane, and indicated no trace of triphenylellanol or hexa-
phenyldielloxane impurity. Several similar preparations of 
triphenyleilane were carried out in this fashion. The yields 
of purified material varied from 69 to 86 per cent. Vigorous 
stirring was found to improve the yield. The usual precautions 
were observed in the use of lithium aluminum hydride^®. 
Preparation of triethylsilane^^. To a 1 1. round-bottomed 
three-necked flask, equipped as described in the preceding 
experiment, was added 24.78 (0.650 mole) of lithiiun aluminum 
hydride, and 3OO al. of diethyl ether. The ether had been 
dried over calcium hydride. After the resulting slurry had 
been stirred for 1-2 hours, 198 g. (1.32 moles) of triethyl-
chlorosilane (Dow-Corning, purified grade) dissolved in 100 
ml. of dried diethyl ether was acded at a rate sufficient to 
Gr. Brown, Chapter X in "Organic Reactions, " VI, R. 
Adams, Ed., John Wiley and Sons, Inc., New York, 1951. 
G-llman, R. K. Ingham and A. Q-. Smith, ^  Org. 
Chem.. 1743 (1953). 
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promote gentle refluxlng of the ether. The stirring and re-
fluxing was continued for 16 hours. The reaction mixture was 
then hydrolyzed, first with wet ether, and then with 95 per 
cent ethanol. The ether layer was immediately removed and 
dried over anhydrous calcium sulfate. The ether was flash 
distilled from the eolution, and the residue fractionated on 
a glass helix-packed column, one meter in length and 1 cm. 
in diameter. The reflux ratio was more than 5^1 throughout 
the distillation. Fractions boiling from 107,0-.08.5° were 
25® 
combined to give 130 ml. of triethylsilane, njj = 1.4109. 
Chlorobenzene. Chlorobenzene (Matheson Chemical Company) 
was distilled through a one meter helix-packed column. Some 
batches were distilled through a 1.5 meter bubble-cap solvent 
column. 
Di-tert-butyl peroxide. This material was kindly fur-
nished by the Shell Chemical Corporation. It was distilled 
through a 44 plate center-rod column (b.p. 48.1-49.6° at 
82-85 mm.) before use. 
Styrene. Styrene (Eastman white label, "stabilized") 
was washed several times with 5 cent aqueous sodium hy­
droxide, and subsequently shaken with portions of distilled 
water until the washings showed a neutral reaction to litmus. 
Anhydrous calcium chloride was added, and the dried material 
distilled through a 30 cm. Vlgreux column, at reduced -ressure. 
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The middle cut boiling at 38-39° at 10-11 mm. was collected 
for uee and stored at ^'he styrene was used %'lthln 24 
hours after the diBtlllatlon. 
Chain Transfer Constants of Organosllanes 
The chain transfer constants of triphenylsilane and 
triethylsilane were determined at 70 and 80° after the method 
of Mayo^^. Styrene and the silicon compound were introduced 
into pyrex test tubes with necks constricted to facilitate 
the vacuum sealing operation. The solutions were degassed 
by alternately freezing and thawing the contents of the tubes 
under vacuum. The contents of the tubes vere then refrozen, 
and the tubes sealed under vacuum. The tubes were then intro­
duced into one of the constant temperature baths for lengths 
of time depending on the eilane-styrene ratio. After the 
proper reaction time, the tubes were removed, the reaction 
was quenched by cooling, the tubes were broken, and their 
contents were washed into 200 ml. of methanol. The precipi­
tated polystyrene was isolated by decantation and/or filtra­
tion, and the polystyrene redlssolved in about 50 ml. of 
benzene. The benzene solution '-'as slowly poured into 200 
ml. of methanol, thus reprecipitating the polystyrene. The 
resulting polystyrene preclpltstes were again filtered. 
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redl860lved, and reprecipltated. Finally, the polystyrene 
Bamples were filtered into weighed sintered glase crucibles, 
dried ^  vacuo at kO-k8° for periods of about 24 hours, and 
weighed. Table 3 summarizes the data thus obtained on the 
polystyrene fractions. 
In addition to those polymerizations listed in Table 3, 
bulk polymerizations of undiluted styrene were run at both 
70.00 and 80.05°. The 70° sample T-)roceeded to 11.8 per cent 
polymerization in k8 hours, the 80® samples, to 11.4 and 
10.7 per cent in 22 hours. 
Each polystyrene sample was dissolved in benzene, and 
the time of flow through an Ostwald-Feneke viscometer deter­
mined for several dilutions of the original sample. These 
viscosities were measured at 29.98-.02°, and all flow times 
were greater than 150 seconds. The specific viscosities of 
the eolutions, defined by the relation 
•n g _ time of solvent flow - time of solution flow 
^ " time of solvent flow 
could then be calculated. It has been found^^ that a plot 
® concentration of the 
polystyrene solutions expressed in grams of polystyrene per 
ml. of solution, gives straight lines which may be extrapo­
lated to zero concentration. The intercept eo determined 
Table 3 
Polymerization of Styrene Diluted by Trleubstltuted Organosilanee 
Run Temp.® Sil&ne Moles Molee Weight Time % 
(®C) eilane styrene polys t^ene (hours) Polym, 
X 103 X 103 vg.) 
1 70.00 Ph3SlH ^2.5 ^3.15 0.805 85 17.8 
3 70.00 Ph^SiH 21.2 ^3.15 0>608 67 13.5 
4 70.00 Ph3SlH 10.6 ^3.15 0.600 49 13.3 
5 80.05 Ph^SiH 21.2 ^3.15 0.535 27 11.9 
6 80.05 Ph3SlH 15.9 ^3.15 0.598 26 13.3 
7 80.05 Ph^SiH 10.6 ^3.15 0.600 25 13.3 
8 80.05 Ph3SiH 5.3 ^3.15 0.605 23 13.4 
^Temperatures were maintained to within 0.02° of the values stated. 
Table 3 (Continued) 
Run Temp.®' 
(OC) 
Silane Mole 8 
silane 
X 10^ 
Moles 
styrene 
X lo3 
Weight 
polystyrene 
(g.) 
Time 
(hours) 
% 
Polym 
9 70.00 Et^SiH 3^.5 43.15 0.479 85 10.6 
10 70.00 Et^SiH 18.9 ^3.15 0.435 60 9.7 
11 70.00 Et^SiH 6.30 43.15 0.3?8 48 8.4 
12 70.00 Et^SiH 3.15 43.15 0.359 48 8.0 
13 80.00 Et^SiH 12.58 ^3.15 0.479 24 10.6 
14 80.00 Et^SiH 6.30 43.15 0.428 24 9.5 
15 80.00 Et-SIH 3 3.15 ^3.15 0.465 22 10.3 
16 80. 00 EtoSiH 1.58 43.15 0.447 22 9.9 
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<0 
ie called the intrinsic viscosity of the solute-^ , and ie 
commonly given the symbol A number of workers^^ have 
eetabliehed empirical logarithmic relationships between the 
quantity and number average molecular weights of poly­
styrene samples. The formula selected for use in this work 
(given below) is that of Mayo, Gregg and Matheeon^®. This 
relation has been checked by the above named workers with 
both osmotic pressure and end-group methods of evaluation of 
average molecular weights of polystyrene fractions. 
M = 104P = 178000 
Here M represents the number average molecular weight; P, 
the degree of polymerization, and CTlJ , the intrinsic 
viscosity of the polystyrene in benzene at 30°. 
The values were determined as described above, and 
the chain transfer constants were determined by measuring the 
slope of the line obtained by plotting the reciprocal of the 
degree of polymerization against the silane to styrene molar 
ratio. Table ^  summarizes these calculations, and Figure 1 
shows such plots for triphenylsllane and triethylsilane, both 
at 70°. 
0. Kraemer, Ind. Eng. Chem.. J^O, 1200 (1938). 
Table 4 
Intrinsic Yiecoeitiee and Chain Transfer Constants of Polystyrene Reactions 
lun Temp. 
{®C) 
Silane ^^"3 at 30° 
in benzene 
M X 10-5® 1/P X lo3^ rsH}° 
CMl 
C X 10^^ 
1 70.00 Ph^SiH 0.270 0.266 3.91 0.986 33.4±1.2 
3 70.00 Ph3SiH 0.468 0.627 1.66 0.492 
4 70.00 Ph^SiH 0.700 1.092 0.95 0.246 
5 80.05 Ph^SiH 0.395 0.499 2.09 0.492 36.8*1.8 
6 80.05 Ph^SiH 0.507 0.702 1.48 0.369 
7 80.05 Ph^SiH 0.615 0.936 1.11 0.246 
8 80.05 Ph^SiH 0.743 1.185 0.88 0.167 
®'Number average molecular weights, calculated by means of the formula 
M = 178000C"7'3^'37. 
^Reciprocal degree of polymerization, calculated ae 104,1/M, where 104.1 
is the molecular weight of etyrene. 
®The symbol CSH^/CMI represents the molar ratio of eilane to etyrene, or 
'•solvent" to "monomer". 
J 
Chain transfer constant. 
Table 4 (Continued) 
Run Temp. 
(«^C) 
Sllane at 30° 
in benzene 
W X 10"^  ^ 1/Vx 103^ [sbT 
iU j  
C X 10^^ 
9 70.00 Et3SiH 1.54 3.24 0.321 0.798 2.44±.12 
10 70.00 Et^SlH 1.87 4.17 0.250 0.438 
11 70.00 Et^SlH 2.20 5.22 0.200 0.148 
12 70.00 Et3SiH 2.60 6.64 0.151 0.073 
13 80.05 Et3SiH 1.76 3.94 0.270 0.292 1.3- 2.7 
14 80.05 Et3SiH 2.06 4.79 0.217 0.148 
15 80.05 Et3SlH 2.06 4.79 0.217 0.073 
16 80.05 Et3SlH 2.31 5.58 0.186 0.037 
2 80.05 none 2.16 5.11 0.204 0.0 
24 70.00 none 2.87 7.54 0.138 0.0 
25 70.00 none 2.87 7.54 0.138 0.0 
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Figure 1 
Chain Transfer Constants of Trlphenylsllane 
and Triethylsilane at 70® 
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Redical Induced Reactions of Trlphenylsilane 
Reaction of trlphenylellane. oxygen and benzoyl peroxide 
In benzene. Into a 500 ml. three-necked round-bottomed flask 
equipped with a blade stirrer, a condenser and a gas Inlet 
tube leading to the bottom of the flask, there was Introduced 
a solution of 36.0 g. (O.138 mole) of trlphenylsilane and 1,00 
g, (0.0045 raole) of benzoyl peroxide dissolved In I70 ml. dry 
benzene. The flask was heated to a temperature of 95° (bath 
temperature), while oxygen was bubbled In through the Inlet 
tube and vigorous stirring was maintained. The reaction was 
continued for 9 hours. The benzene was removed by distilla­
tion at reduced pressure. The temperature of the residual 
solution did not exceed 30®. When the volume of the residue 
was reduced to about 75 ml., 12.21 g. of white crystals wae 
deposited. These crystals (m.p. 152-15^°) gave no depression 
of the melting point of an authentic specimen of trlphenyl-
sllanol In the determination of the m.p. of a mixture of the 
two. Further evaporation of the solvent led to the recovery 
of two more crops of 0.5I g. and 4.33 £'• of crystals melting 
at 148-149° and 136-139® respectively. An Infrared spectrum 
of the latter fraction showed bonds due to both trlphenyl-
sHanoi and trlphenylsilane. The residual solution (about 
25 ml.) was diluted with petroleum ether (b.p. 60-70°) and 
3^ 
chilled to deposit further crops of crystals. Repeated 
crystallization of these latter oily crystals from petroleum 
ether (b.p. 60-70°) yielded three crops of crystals weighing 
6.^0 g., 3.78 g., and 0.94 g. respectively; with m.p.'e of 
39-^5° (recrystallized, 43-45°), and 44-46°. These 
low melting crystals gave a positive silicon-hydrogen bond 
test^^ (formation of gas upon treatment with methanolic KOH), 
and they were presumed to "be triphenylsilane. The red oily 
residue resisted attempts at crystallization. The total tri-
phenylsilanol isolated amounted to 44.8 per cent of the 
initial triphenylsilane, and a total of 28.2 per cent of 
triphenylsilane was removed. 
A similar experiment at lower temperatures (58-60°) 
resulted in no apparent reaction. Only triphenylsilane was 
recovered (88 per cent) and no evidence of oxygenated prod­
ucts presented itself. 
A control run was made under the conditions of the 
Initial oxidation, without the addition of benzoyl peroxide. 
The same work-up procedure resulted in a 77 per cent re­
covery of triphenylsilane, and no other products were noted. 
Rates of oxidation of triphenylsilane. The rates of 
oxidation of triphenylsilane were measured by following the 
S. Kipping, J. Chem. Soc.. 119. 848 (1921). 
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oxygen uptake. The apparatus (designed and generously lent 
by Dr. C. E. Boozer of these lalxjratorlee) consisted of gas 
burets thermoetatted at 25.00®, connected to a reaction cell 
which could be maintained at either 62.5® or The cell 
was equipped with a magnetic stirrer. An automatic levelling 
device consisting of a mercury pressure reservoir manostat 
with contacts leading to a relay-operated oxalic acid solution 
electrolysis cell provided a means for following the oxida­
tions smoothly and with little leg. This apparatus was 
adapted from one designed by Bolland^^. The apparatus was 
evacuated and flushed several times with oxygen before each 
run. Azo-bls-isobutyronltrile was used as the initiator in 
each experiment. 
Three runs were made, one at 62.5° two at 74.4*^. 
Table 5 summarizes the experimental conditions for each run. 
Table 6 includes the data collected for the second run, and 
Figure 2 shows a plot of the logarithm of the per cent re­
maining triphenylsilane (in which the remaining trlphenyl-
sllane is calculated as Initial moles triphenylsilane less 
moles of oxygen absorbed) against time for the three runs. 
In each run, an increasing deviation from first order 
kinetics appears as the reaction progresses. 
L. Bolland, Proc. Roy. Soc.. A186. 218 (19^6). 
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Table $ 
Oxidations of Trlphenyleilane 
Run Trlphenylsllane Initiator®' Cell Barometric^ 
no. initial conc. oono. temp. pressure 
(molee/liter) (moles/liter) (®C; (mci. Hg) 
1 1.280 0.101 62.5 742.77 
2 1.280 0.101 74.4 736.98 
3 2.560 0.101 74.4 732.54 
®'Azo-bi8-isobutyronltrlle was used ae the initiator 
in each case. 
Pressures were connected for difference of expansion 
of mercury and the brass scale. 
Two 1.00 ml. aliquots of the reaction mixture of run 1 
were titrated iodometrlcally with 0.0500 N eodium thlosulfate; 
the first, acidified with acetic acid only, required 6 x 10"^ 
meq. of thlosulfate; the second, acidified with hydrochloric 
acid and heated for a short time, required 0.17 ®eq. of the 
thlosulfate solution. The total oxygen absorbed was 0.201 
meq., thus, the total reducible material in the solution 
amounts to 85 per cent of the oxygen absorbed, if this re­
ducible material is present as peroxides. 
Reaction of trlphenylsllane and di-t£i;Ji~butyl peroxide 
in chlorobenzene. In a 1 1. round-bottomed flask fitted 
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Table 6 
Oxidation Rate of Triphenyleilane at (Run 2) 
Time 
(run) 
Volume 
oxygen 
absorbed 
(ml. ) 
Moles 
oxygen 
abeorj^ed 
Log per cent 
remaining 
triphenylB ilane 
5.00 1.09^ 0.432 1.9981 
10.00 1.82 0.721 1.9959 
15.00 2A8 0.983 1.9944 
20.00 3.05 1.209 1.9931 
25.00 3.58 1.419 1.9919 
35.00 1.770 1.9899 
50.00 5.53 2.192 1.9874 
60.00 6.07 2.410 1.9862 
70.00 6.70 2.655 1.9847 
85.00 7.^2 2.942 1.9830 
100.00 8.05 3.190 1.9816 
120.00 8AZ 3.3^0 1.9806 
®"The initial volume of oxygen was determined by 
extrapolating the first few readings to zero time. 
38 
2.0000 
2 1.9950 
r 1.9900 
.9850 
1.9800 
0 100 120 20 40 60 80 
TIME (MINUTES) 
Figure 2 
Rates of Oxidation of Triphenylellane in 
Chlorobenzene at 62.5 and 74.4® 
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with a reflux condenser, a nitrogen inlet tube leading to 
the bottom of the flask, and a thermometer was placed 70»0 
g. of triphenylsilane (0.269 mole), 79.^ g. di-tert~butyl 
peroxide (0.5^^ mole) and 215 ml. of chlorobenzene. The 
mixture ^^rae heated to reflux, and refluxed for 31 houre. 
The temperature varied from 122 to 103° ae volatile products 
formed. The chlorobenzene and volatile products were removed 
by distillation through aim. helix packed column, and 
vacuum distilled to yield a liquid product (b.p. 89-95® s-t 
0.4 mm.) and several fractions boiling from 1^5-173° at 0.5 
mm. which solidified on cooling. One of these fractions 
(b.p. 158-161° at 0.5 mm.) was crystallized from benzene, 
yielding 15.8 g. of near white crystals, m.p. 89-93°. Re-
crystallization of this material from petroleum ether (b.p. 
60-90°) yielded 12.9 g. of white crystals melting at 9^-
o 
95.5 . A mixture of this material with an equal amount of 
authentic triphenylchlorosilane (m.p. 9^-95°) melted at 
9^-95.5°. A. portion of the material melting at 9^-95.5° 
was hydrolyzed by shaking it in ether solution with an equal 
volume of 5 per cent aqueous sodium hydroxide solution, and, 
upon acidification (with nitric acid) gave a white precipi­
tate with silver nitrate solution. The precipitate was 
soluble in dilute ammonia and could be reprecipitated by 
acidification with nitric acid. The crude yield of 
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triphenylchloroellane (materlEl melting at 89-93°) amounted 
to 20 per cent of the theoretical. The residue, a black 
tarry mass, could not be induced to crystallize. The liquid 
product wae not identified in this experiment. 
Another similar run wae made with smaller quantities, 
using the same general set-up. Twenty-five ml. of di-tert-
butyl peroxide (0.136 mole) and 30'0 &• (0.115 mole) of tri-
phenyleilane were dissolved in enough chlorobenzene to make 
250 ml. of solution; the solution %'as refluxed for 5 hours 
at temperstures ranging from I30-I25®. The reaction mixture 
was assayed for triphenylsllane and trlphenylchlorosilane by 
method described in the section immediately following this 
one. The triphenylsllane remaining unreacted was determined 
as 23.3» 23.3 and 24.1 per cent of the initial charge in 
triplicate determinations. Trlphenylchlorosilane was assayed 
as 36*5 and 36.6 per cent of the theoretical yield, based on 
triphenylsllane. 
The chlorobenzene, unreacted peroxide and volatile prod­
ucts were removed by distillation at reduced presfure. The 
residue was distilled through a 12 inch unpacked externally 
heated column at pressures of 0.01-0.06 mm. An initial 
fraction (b.p. 65-111° at 0.06 mm., weight O.74 g.) was 
collected. An infrared spectrum of a portion of this 
sample dissolved in carbon disulfide showed major peaki 
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(per cent tranemittance leee than 80 for a eolution in which 
the most intense peak shows a per cent transmittance of 5) 
at wave lengths of 3*28,  8 .00  (double peak), 8.90,  9 .16 ,  9 .32 ,  
9.63, 10.67, 12.07, 12.70, 13.2-13.4 (broad), 14.4 and 14.7 
microns. Purified eamples of £-chlorobiphenyl and _£-chloro-
biphenyl were examined epectroecopically by the same method. 
The ortho isomer showed major peaks at 3«25. 8.00 (double 
peak), 8.90, 9.32, 9.64, 9.94, 10.68, 13.40, and 14.75 
microns. The para compound had major peaks at 3.25, 9.18, 
12.09, 13.20, and 14.45 microns. Examination of the wave­
lengths of the peaks reveals that all major peaks of both 
£-chlorobiphenyl and ^ -chlorobiphenyl are preeent in the 
spectrum of the liquid product, and that no major peak pres­
ent in the liquid product fails to be present in the spectrum 
of either £-chlorobiphenyl or ^ -chlorobiphenyl, with the 
single exception of the 12.70 micron peak of the mixture 
which is present in neither of the spectra of pure compounds. 
The general shape of the peaks and the fine structure of the 
spectra are also consistent with the hypothesis that the 
liquid product is a fairly pure mixture of jo-chlorobiphenyl 
and ^ -chlorobiphenyl. Some attempts at separation of the 
isomers were made, but crystallization, chromatography and 
sublimation with this and product mixtures from similar ex­
periments failed to resolve the small amounts of "liquid 
fractions" collected. 
kz 
k subsequent fraction ("b.p. 125-160° at 0.01 mm.) solldi-
fied on cooling, yielding 12.7 g. of white, oily crystals 
melting at 75-90°. Crystallization of this material from 
petroleum ether (b.p. 60-90°) gave 7.58 g. of crystals melting 
at 89-93.5*^' Recrystallization raised the melting point to 
95-97°» this melting point was not depressed by mixing 
the purified material with purified authentic triphenylchloro-
silane. The yield of the triphenylchloroeilane isolated as 
material melting at 89-93° was 22.0 per cent. 
A similar run, using the same concentrations of ree.c-
tants, but in which the volatile products were allowed to 
escape through a 6 inch externally heated column attached to 
the reaction flask, was carried out for 21 hours at tempera­
tures of 128-137°' The yield of triphenylchloroeilane, 
determined by titration as described in the following sec­
tion, was 62.4 per cent. 
Assay of triphenylsilane. Triphenylsilane was deter­
mined in the resetion mixture by measuring the volume of 
<1 hydrogen evolved in the reaction with base-' . 
base 
R^SiH + R'OH > R^SiOR' •¥ 
The determination was carried out in a Zerewitinoff apparatus. 
The gas buret and reaction cell were thermoetatted at 25.00°; 
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potassiTim hydroxide in n-butyl alcohol was used as the reac­
tion medium, and n-butyl alcohol was used as the retaining 
fluid to equalize the vapor pressure, A correction was ap­
plied for the vapor pressure of n-butyl alcohol at 25°• 
Determinatione with 3 ml. aliquots of standard solutions of 
triphenylsilane in chlorobenzene gave results of 98.7-99.7 
per cent of the triphenylsilane present. Triphenylchloro-
silane was found not to interfere. 
Assay of triphenylchlorosilane. Triphenylchlorosilane 
was found to solvolyze rapidly in 95 per cent ethanol to re­
lease hydrogen chloride which could be titrated with standard 
alkali to obtain values of 97.^-97.8 per cent of the theoret­
ical for samples of Dow Corning {purified grade) triphenyl­
chlorosilane crystallized once from petroleum ether (b.p. 
60-90°). 
Sealed tube reactions of triphenylsilane and di-tert-
butyl peroxide in halobenzenes. The formation of triphenyl-
haloeilanes from the peroxide initiated reaction of triphenyl­
silane in halobenzenes was studied further by means of the 
triphenylchlorosilane assay mentioned previously. Tubes made 
from pyrex 15 mm. o.d. tubing were filled to about one-third 
their volume with various reaction mixtures, degassed by 
alternate freezing and thawing under vacuum, and sealed under 
vacuum. The tubes were placed in an oil bath maintained at 
fyJif, 
0 135.0 end individual ampules withdrawn at varioue intervals. 
The tubes were cooled, broken, and the contents washed into 
a flask containing ethanol. The acid released was titrated 
with standard alkali, using brom-phenol-blue as an indicator. 
Table 7 summarizes the data thus collected. Each tube con­
tained 7.0£ ffll. of solution. 
A tube containing 2 ml. each of chlorobenzene and di-
tert-butyl peroxide was heated at 135.0° for 25.5 hours, and 
titrated in the same manner. No acid was released (within 
experimental error estimated at 0.002 meq.), but a discolora­
tion of the solution wae noted. 
Attempted Preparations of an Organosilicon Peroxide 
Reaction of trit?henylchlorosilane with sodium peroxide 
in benzene. Five grams (0.061 mole) of 95 per cent sodium 
peroxide was suspended in $0 ml. of dry benzene, by vigorous 
stirring with a single-blade stirrer. Five grams (0.01? 
mole) of Dow-Corning ourlfied trlphenylchlorosilane dissolved 
In 85 ml. dry benzene was added fairly rapidly. No evidence 
of reaction was noted during the addition, but the flask did 
become warm after stirring had been continued for 35 minutes. 
The reaction mixture was allowed to stand overnight, and 
then excess water was added to hydrolyse the remaining sodium 
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Table ? 
Sealed Tube Reactions of Triphenylellane with 
Di-tert-butyl Peroxide at 135.0° 
Tube Moles « 
PhoSiH X 10-^  
(Initial) 
Moles 
TBU?02 X 103 
•~( initial) 
Time 
(fflin.) 
Meq. 
acid 
formed 
1^  3.84 2.72 30.0 0.359 
2® 3.84 2.72 79.0 0.758 
3a 3.84 2.72 134.0 1.142 
3.84 2.72 205.0 1.33 
5A 3.84 2.72 509.0 1.52 
GA 3.84 2.72 1140. 1.58 
7a 1.92 2.72 1530. 0.372 
8® 0.384 2.72 1530. 0.043 
A^ 0.384 0.544 1530. 0.115 
10® 0.384 0.109 1530. 0.063 
11^  3.84 2.88 1530. 0.148 
12° 3.84 2.72 1530. 1.00 
13A, ^ 3.84 2.72 1530. 0.002 
14^ ' ^ 3.84 2.72 1530. 0.01 
^Chlorobenzene ae solvent. 
•u 
Fluorobenzene ae solvent. 
°Bromobenzene as solvent. 
^One gram (5-49 x IC^ mole) of benzophenone added. 
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peroxide and triphenylchlorosllane. The benzene layer was 
washed twice with water and dried over eodlum sulfate. Upon 
evaporation of the benzene, 4.09 g. of slightly oily cream 
colored crystals was left. This material (m.p. 141-150®) was 
crystallized from petroleum ether (b.p. 80-110®) to give 2.91 
g. of white crystals, m.p. 152-153°' This material showed 
no depression of m.p. upon mixture with authentic triphenyl-
sllanol. The recovery (crude) amounted to 86 per cent of 
the theoretical amount of triphenylsHanoi. No other materi­
als were igolated from the reaction. 
Reaction of triphenylchlorosllane with aqueous sodium 
peroxide. Ten grams of 95 per cent sodium peroxide (0.128 
mole) was added to 200 ml. of cold water with rarid stirring; 
evolution of gae was noted as the solid peroxide came into 
contact with water. lodometric titration of samples of the 
peroxide solution showed that 6? per cent of the sodium 
peroxide added was present as peroxide, the rest having pre­
sumably been converted to sodium hydroxide. To this aqueous 
solution was added, with stirring, 3^.1 g» (0.116 mole) of 
triphenylchlorosllane in 250 ml. of benzene. The reaction 
mixture was cooled in an ice bath during the addition, and 
stirred for one hour, after which the reaction mixture was 
allowed to come to room temperature. The benzene layer was 
removed, dried, concentrated, and finally, evaporated to 
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yield 30.6 g. of white crystals, ra.p. 149-153®* This msterlal 
showed no depreselon of m.p. upon mixture with authentic 
trlphenylsllanol, m.p. 152-153*5®- ^ small quantity (O.17 
g.) of material Ineoluble in either the benzene or water 
layer was filtered off and recryetalllzed from petroleum 
ether (b.p. 80-110®) to yield crystals melting at 233-236°. 
Thie material did not depress the m.p. of an authentic speci­
men of hexaphenyldlslloxane. The total yield of trlphenyl-
Bllanol and hexaphenyldlslloxane amounted to 97 per cent of 
the theoretical, based on trlphenylchlorosllane. No other 
products were isolated. 
Infrared Absorption Spectra 
All infrared absorption epectrs; were measixred with a 
Baird aesoclates Infrared Recording Spectrophotometer (Model 
B). Thie instrument was made available through the generosity 
of the Institute for Atomic Research. The author wishes to 
express his appreciation to Dr. M. Margoshes and Mr. R. M. 
Hedges, who recorded the spectra and contributed helpful 
information to the problem of the interpretation of the 
spectra. 
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DISCUSSION 
The question of possible resonance steibilization of a 
triphenylsilyl radical can "be approached through the inter­
pretation of the chain tr&nefer constants of triphenyleilane 
and triethylsilane evaluated in Table 4. By arguments out­
lined in the Historical section of this Thesis, Mayo and co-
workerB-^-"^ have correlated the chain transfer constants of 
a number of hydrocarbon solvents with the relative resonance 
stabilizations of the S* species formed in the chain transfer 
process. 
From examination of Table 2 it can be seen that such a 
correlation is limited to prooessee involving the breaking 
of a carbon-hydrogen bond in the solvent, and that a statis­
tical correction for the number of carbon-hydrogen bonds 
available sharpens the comparisons between the different 
types of carbon-hydrogen bonds examined. Benzene and ali­
phatic hydrogens possess low reactivity towards the growing 
polymer chain; benzylic hydrogens are markedly more active, 
increasingly so with increasing substitution. Tert-butyl-
benzene, which has no benzylic hydrogens available, drops 
to the level of reactivity of aliphatic compounds. Diphenyl-
methane and triphenylmethane show increasing activity in the 
order stated. However, these effects are small when they 
k9 
are compared with the relative reeonence energies of the S* 
species formed; the differences between the resonance energies 
of aliphatic and benzyl radicals, between benzyl and diphenyl-
methyl, and between diphenylmethyl and triphenylmethyl are 
Q o 
all at least ten kcal./®ole . At 60 , a difference of ten 
kcal./roole in activation energies of t%'o reactions with 
equal frequency factors corresponds to a factor of 3 x 10® 
^n the rates; five koal./®ole would result in a 2 x 10^ 
factor, and two kcal./roole. a factor of 20. Thus the energy 
of the transition state 
R H S 
is influenced by the reorganization energy of the S* species, 
but this transition state energy is not as sensitive to such 
a reorganization energy as would be the energy for a transi­
tion state for a process in which a radical were more com­
pletely formed. 
Mayo and &regg35 have pointed out that for most of the 
solvents presented in Table 2, inoressing chain transfer 
constants correlate with decreasing activation energies and 
increasing frequency factors, the former effect dominating 
the latter. Since the effect of stabilization of the S* 
species would be expected to influence only the activation 
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energy through weakening the carbon-hydrogen bond, the In­
crease in frequency factor with more active eolvente would 
also tend to decresee the sensitivity of the chain transfer 
reaction to the S* reorganization energy. 
At 70°, the chain transfer constant of triphenyleilane 
is greater than that of triethylellane by a factor of 13.?• 
At 80°, the ratio is more uncertain, but it probably lies 
between 14 and 28. These ratios point to a definitely lower 
free energy of activation for the triphenyleilane chain 
transfer process than for the triethylellane transfer. The 
higher rate of the triphenyleilane transfer may be attributed 
to greater resonance stabilization of the triphenylsilyl 
radical with respect to the triethyleilyl radical; uncer­
tainty as to the relative importance of the frequency factore 
and activation energiee^^ of the process preclude any pos­
sibility of estimating a reliable value of the resonance 
stabilization of the triphenylsilyl radical. 
The chain transfer constants of both the silanee tested 
show a high degree of reactivity relative to the hydrocarbon 
solvents in Table 2. The chain transfer constants of tri-
ethylsilane and triphenylsilane at 60° can be estimated from 
the 70° and 80° values given in Table U as 300 x 10"^ and 
22 X 10"respectively; these values can then be commred 
directly with those of Gregg and Mayo in Table 2. 
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Triethylsilane lies between diphenylmethane and trlphenyl-
methane, and triphenyleilane is a more efficient transfer 
agent than triphenylmethane, approaching carbon tetrachloride 
in reactivity. The eilicon-hydrogen bond energy at 298®K 
hae been calculated from critically evaluated data as 79 kcal/ 
mole, while carbon-hydrogen bonds have an energy of 88 kcal/ 
mole on the same ecale^^. The lover silicon-hydrogen bond 
energy ie most probably responsible for the increased ef­
ficiency of eilicon-hydrogen compounds over hydrocarbons in 
the chain transfer reactions. 
It was pointed out in the Historical section of this 
Thesis that the S* species must enter into the polymerization 
with high efficiency if the steady-state treatment can be 
applied to the solution of the kinetics of the chain transfer 
process. If the S* reactive centers were to destroy them­
selves by dimerization or bimolecular disproportionetion, a 
lower value of the second order rate constant for the overall 
polymerization would be observed. The data of Gregg and 
Mayo for the solvents presented in Table 2 show no such 
trend, even for those solvents which give high values for 
the chain transfer constants. 
53M. L. Huggins, ANN CHE^  S0C5,, 21, 4124 (1953). 
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The data presented In Table 3 allow no precise calcula­
tion of the second order rate constants for the overall 
polymerization process, but, by assuming volume additivity 
of the silanes and styrene, the rate constants can be approxi­
mated from the per cent polymerization observed. These con­
stants range from 2 x 10"^ to 11 x 10"^ liters mole"^hour~^ 
at 70°; at 80®, from 6 x 10"^ to 14 x 10"^ liters mole"^ 
hour"^. No trend towards lower values of the second order 
rate constant for solutions containing higher concentrations 
of silanes is evident; in fact, at both 70° and 80°, the 
rate constants of the bulk sample vere the smalleet of those 
observed. 
These values are in fair agreement with those of Gregg 
end Mayo , who obtained second order rate constants ranging 
from 0.85 X 10"^ to 2.63 x 10""^ liters mole'^hour""^ at 60°, 
and from 21 x 10"^ to 42 x 10"^ at 100°. It can be stated, 
than, that the data in Table 3 show no evidence for an 
"abnormal" radical-radical termination process, and that 
they preclude a large effect of this type. 
The benzoyl peroxide induced oxidation of triphenyl-
silane ie clearly a chain process, since a control run in 
which no peroxide was added shows no autoxidation under the 
same experimental conditions as those of the peroxide 
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initiated reaction, and since the "benzoyl peroxide was pres­
ent only in a small amount (O.O32 mole per mole of triphenyl-
silane). A generally accepted formulation of the mechanism 
for radical induced liquid phase hydrocarbon oxidationB at 
"low" temperatures (5O-I5O®) may well apply here^^. 
I > 2X. 
formation of initiator radicals 
X' +• O2  ^XO2* 
X- RH > HX H- R-
XOg* •+• RH • HOgX -+- R-
R' •+• O2 > ROg* 
ROg* RH > ROgH R' 
initiation 
propagation 
2R02* ^ termination products termination 
Hydroperoxides are the postulated initial products of 
the oxidation in the scheme given above, and they are indeed 
isolable products of many hydrocarbon oxidations, euch as 
^E. R. Bell, J. H. Raley, F. F. Rust, F. H. Seubold 
and W. E. Yaughan, Disc. Faraday Soc.. 10. 2^2 (1951)• 
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the radical induced oxidations of ieobutane^^*and 
tetralin^''. 
The oxidation of triphenyleilane with benzoyl peroxide 
in benzene gave triphenyleilanol as a major product, and no 
species corresponding to a hydroperoxide or ditriphenyleilyl 
peroxide, the silicon analogue of trityl peroxide^, vaB 
isolated. It seems reasonable that such a product might 
further react under the conditions of the oxidation, in euch 
a manner as indicated below. 
heat 
(CgH^)3SiOOH > (C6H5)3SiO* + -OH 
(CgH^)3SiO- 4- (CgH^)3SiH >(CgH^)3SiOH 4- (CgH^)3Si-
The triphenyleilanol produced can thus be accounted for. 
No products illuminating the fate of the OH radical were 
isolated. Another proposed reaction, in which the triphenyl-
silyl radical attacks the hydroperoxide initially formed, 
is given below. 
55 W. E. Vaughan and F. F. Rust, U. S. Patent 2,395>523 
(£:. Ai. 3641 (1946)). 
E. Vaughan and F. F. Rust, U. S. Patent 2,403,771 
At., ITS.. 5757 (1946)). 
Hartmann and M. Seiberth, Helv. chim. Acta. ii. 
1390 (1932). 
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iCQU^)^3V +• (CgH^)3SiOOH > (CgH^)3S10H -f (C6H3)3S10. 
If these reactions are correctly postulated, it ie interesting 
to note that the triphenylsiloxy radical undergoes neither 
the dieproportionation reaction characterietic of alkoxy 
radicals^, nor the rearrangement associated vith tritoxy 
radicals 
( C H 3 ) 3 C 0 -  >  ( C H 3 ) 2 C 0  C E y  
ZCCgHjjjOO- »[(C6H5)2000gH5"] 2 
At sufficiently high oxygen preseuree, the rate of 
radical initiated oxidation of moderately labile hydrocar­
bons is generally first order with respect to the hydro-
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carbon . This observed order ie in agreement with rate 
expressions derived from the oxidation chain scheme given 
previously^. 
38N. A. Mil&s and D. M. Surgenor, Am. Chem. Soc.. 68. 
205 (1946). 
Wieland, Ber.. 44, 2550 (1911). 
Bateman, G-. Gee, A. L. Morris and W. F. Watson, 
Disc. Faraday Soc.. 10. 250 (1950). 
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The oxidation of triphenylsilane does not obey the first 
order law under the conditions studied (eee Figure 2), but 
falls off from first order as the reaction progresses; the 
deviation is more emphatic with increased temperature, and 
with increased concentration of the silane. These observa­
tions are consistent with the hypothesis of the formation of 
an inhibitor as the reaction progresses; such a hypothesis 
would lead to the conclusion that oxygenated products, such 
as triphenyleilanol or triphenylsilylhydroperoxide, could 
act as traps for the triphenylsilyl radicals. Such a sensi­
tivity towards oxygenated compounds is not a common charac-
teristic of hydrocarbon free radicals, although Case has 
postulated euch a reaction to explain the rapid decomposition 
of benzoyl peroxide in ether solvents. Products isolated 
from 
CgH^GOg- H- RH » CgH^COgH -¥ R-
R- •+• (C6H3C02)2 ^CgH^COgR CgH^COg-
these reactions support euch a postulate. Hovrever, carbon 
free radicals show no such reactivity towards the majority 
E. Cass, J. Am. Chem. Soc.. §2., 500 (19^?). 
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of oxygen containing compounds, and this property eeems to 
be a characterlBtic one of silicon radicals, as evidenced by 
the oxidation studies and other observations discussed sub­
sequently. The inhibition begins to make itself evident at 
rather low conversions of triphenylellane, causing a strong 
deviation from a straight line first order plot at conversions 
of less than 5 per cent. 
The identification of triphenylchlorosilane as a product 
of the reaction between di-tert-butyl peroxide and triphenyl-
Bilane in chlorobenzene shows another contrast between the 
behavior of triphenylsllyl radicals and hydrocarbon radicals. 
Chlorobenzene is generally inert towards most free radicals, 
serving as a solvent for radical reactions such as oxidation 
and the thermal decomposition of peroxides^. Phenyl radicals 
produced by the decomposition of benzoyl peroxide do, however, 
attack chlorobenzene to form isomeric biphenyle ' ^. The 
abstraction of a chlorine atom from a benzene ring ie never­
theless an unprecedented mode of reactivity for free radicals. 
fth 
It should be mentioned that Kapur° proposes a chlorine 
abstraction in the chain transfer reaction of styrene with 
H. Hey, J. Ghem. Soc. . 197^ (1952). 
®3r. L. Dannley, E. G. Gregg. R. E. Phelps and C. B. 
Coleman, J. Am. Chem. Soc.. 76. ^ ^5 {195^). 
L. Kapur, J. Polym. Sci.. 11, 399 (1953). 
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chlorobenzene. Hie data, however, do not require or support 
euch a hypothesis. 
In an investigation of the chain transfer of etyrene 
radicals with bromobenzene, Mayo^® found that no bromine was 
incorporated in the polystyrene; an earlier report by 
Breitenbach®^ gave similar results for chlorobenzene. These 
observations conflict with Kapur's®^ chlorine abstraction 
hypothesis, and led Mayo to propose a mechanism for chain 
transfer of styrene with benzene, chlorobenzene and bromo­
benzene involving the formation of a radical complex with the 
aromatic solvent, and the subsequent reaction of the complex 
with a styrene molecule to transfer the reactive center. 
The formation of triphenylchlorosilane suggests the 
following reaction scheme for the triphenylsilane-di-tert-
butyl peroxide-chlorobenzene system. 
130° 
(CH^)^C00C(CH^)2 ^ 2{CH^)^C0-
(CH3)3C0-"4- (C6H5)3SiH > { CH3)3COH -H (C6H5)3Si. 
{CgH5)3Si- •+• CgH^Cl > (CQH^)3SiCl CQH^* 
W. Breitenbach, Naturwissenschaften. 29. 708, 784 
(19^1). 
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^6^5* CgH^Cl > CgH^-CgH^Cl H- H-
(iBomers) 
The observed formation of a mixture of monochlorobiphenyls 
(ortho and para isomers) lends support to such a scheme, and 
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agrees with the observations of Hey relevant to the reac­
tion of phenyl radicals with chlorobenzene. 
The removal of the volatile products of the peroxide 
decomposition (acetone and tert-butyl alcohol) as they are 
formed Increasee the yield of triphenylchlorosllane. This 
observation suggests a competition of the volatile products 
with chlorcbenzene for the attentions of the trlphenyleilyl 
radical. Such a competition correlates with the sensitivity 
of trlphenyleilyl radical towards oxygenated products which 
was Invoked to explain the results of the oxidation rate 
experiments with triphenylsilane. 
The sealed tube experiments presented in Table ? further 
elucidate this reaction. The first order rate constant for 
the decomposition of di-tert-butyl peroxide at 135*^ has been 
determined in several solvents at values ranging from 
IK t 66 3.6-5.2 X 10~5 see'-'-. If the scheme presented above or 
on the previous page properly represents the reaction, and 
A. Raley, F. F. Rust and W. E. Vaughan, Am. 
Chem. Soc.. 1336 (19^8). 
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there Is no chain reaction Induced by the hydrogen atom or 
other terminal species, the rate of formation of triphenyl-
eilane would be expected to follow the rate of decomposition 
of the peroxide. Since each molecule of peroxide oroducee 
two molecules of the peroxy radical, the highest rate of 
formation of triphenylchloroeilane that can be expected is 
simply twice that of the peroxide decomposition. Any re­
duction in the efficiency of the chlorine abstraction process 
by reaction of triphenylsilyl radicals with competing sub­
strates would cause the rate of formation of the triphenyl-
chlorosilane to fall off. In the experiments listed in 
Table 7, tubes 1 to 6, containing identical reagent mixtures, 
0 
were heated at 135.0 for varying lengths of time. Ficti­
tious first order rate constants were calculated for each 
tube, calculated from the formula given below. 
- lio.  L(C6H;),Slin„ ^ 
1 - ^J-og e ((CgH5)3SiH]Q- [(C6H5)38101] 
Table 8 shows the results of these calculations. 
The accelerating deviation from first order kinetics 
again suggests a competition of the oxygen containing 
products for the triphenylsilyl radical. The introduc­
tion of benzophenone in tube 18 reduced the formation of 
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Table 8 
Rates of Formation of Triphenylchlorosilane 
Tube no. Time (sec.) k-|L X 10^  (eec.~^ ) 
1 1800 5.38 
2 4740 4.66 
3 8050 4.36 
if 12300 3.48 
5 30500 1.65 
6 68400 0.77 
triphenylchlorosilane to zero. Thie observation eupportB 
the game contention. 
The formation of acid-releaeing material in the sealed 
tube reactions in which bromobenzene and fluorobenzene were 
used as solvents indicates the participation of these halo-
benzenes in the halogen abstraction reaction. Bromobenzene 
appears to be quite active in this respect, forming 25 per 
cent of the theoretical quantity of acid-releasing material, 
as compared with 4o per cent for the same reaction carried 
out in chlorobenzens. Fluorobenzene forme acid to the 
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extent of ^  per cent of the theoretical, a small but definite 
effect. 
Further examination of Table 7 (tubes 6-10) shows that 
the yield of triphenylchlorosilane falls off if the amount 
of peroxide is either decreased far below the equivalent 
amount of triphenyleilane, or increased far above it. The 
former effect precludes a chain reaction of any efficiency, 
and the latter euggeete again the competition of the per­
oxide decomposition products for the triphenyleilyl radical. 
Two examples of attempts at the preparation of a tri-
phenyleilylhydroperoxide or peroxide are included in the 
Experimental section. The isolation of triphenylsilanol in 
each case indicates that triphenylchlorosilane has greater 
sensitivity to nucleophylic attack by the hydroxyl ion 
present than to the hydroperoxyl ion under the conditions 
studied. 
The halogen abstraction reactions exhibited by the 
triphenyleilyl radical are unusual in that they involve the 
breaking of the aromatic carbon to halogen bond, and the 
formation of a phenyl radical, a species with a high energy 
9 level and little reorganization energy . The high value of 
the sillcon-halogen bond energies {135i 90 and 73 kcal/mole 
for the bonds involving fluorine, chlorine and bromine 
respectively) given by Huegins^^ suggest that the transition 
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states for the halogen abstraction reactionB reflect a con-
elderable silicon-halogen bond formation. The silicon 
oxygen bond energy, 101 kcal/mole on the same scale suggests 
a similar explanation for the sensitivity of the triphenyl-
silyl radical towards oxygen containing compounds. 
The absence of hexaphenyldisilane, the product which 
would arise from the dimerization of triphenylsilyl radicals, 
from all the product mixtures involving reactions of these 
radicals points to a high degree of reactivity for this 
species, and it appears that the earlier attempts to iso­
late a triphenylsilyl radical as a stable species at ordi­
nary temperatures were doomed to failure. It should be 
pointed out that the detection of hexaphenyldisilane in al­
most any reaction product mixture is an easy task, since 
this compound is highly insoluble in the common organic 
solvents. 
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SUMMARY 
Organoeilicon free radicale have been studied by vari­
ous means ae an interraeditte in several types of reactions. 
The chain trancfer constants of triphenylsilane and 
triethylsilane in the polymerization of styrene were deter­
mined. These eilanes were found to have a relatively high 
aptitude for chain transfer. 
A novel chlorine abstraction by the triphenyleilyl 
radical was discovered in the reaction of di-tert-butyl per­
oxide, triphenylsilane and chlorobenzene. A rate study was 
carried out on this reaction, and the scope extended to in­
clude other halobenzenes. 
The r;aical induced oxidation of triphenylsilane to 
triphenylsilanol was demonstrated, and rate meaexirements of 
the process carried out by measuring the rate of oxygen 
uptake. 
Organosilicon free radicals studied in these processes 
were found to be highly reactive, and to be especially sensi­
tive towards electronegative groups. The chain transfer 
reactivity of triphenylsilane and triethylsilane, and the 
reactivities of the triphenylsilyl radical in the processes 
listed above were found to correlate qualitatively with the 
energies of the bonds broken and formed in the processes. 
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